The ATLAS collaboration reported excesses at around 2 TeV in the di-boson production decaying into hadronic final states. We consider the possibility of explaining the excesses with extra gauge bosons in two simple non-Abelian extensions of the Standard Model. One is the so-called G (221) models with a symmetry structure of SU (2) 1 ⊗ SU (2) 2 ⊗ U (1) X and the other is the G(331) models with an extended symmetry of SU (3) C ⊗ SU (3) L ⊗ U (1) X . The W and Z bosons emerge after the electroweak symmetry is spontaneously broken. Two patterns of symmetry breaking in the G(221) models are considered in this work:
I. INTRODUCITON
Searches for new physics (NP) effects in the final state of vector boson pairs have been carried out recently by both ATLAS [1] and CMS [2, 3] Collaborations using the technique of jet substructure. It was reported recently by the ATLAS collaboration [1] that, using a data sample with 20 fb −1 integrated luminosity, a 3.6σ deviation is observed in the invariant mass distribution of the W Z pair, which requires a NP contribution to the cross section of the W Z production as σ(W Z) ∼ 4 − 8 fb. Also a 2.6σ and 2.9σ deviation is observed in the invariant mass distribution of W W and ZZ pair production, respectively. The NP contributions of σ(W W ) ∼ 3 − 7 fb and σ(ZZ) ∼ 3 − 9 fb are needed to explain the excesses. All the three excesses occur around 2 TeV in the invariant mass distribution of vector boson pair 1 . The vector boson pair production is highly correlated with the associated production of a vector boson and Higgs boson. The CMS collaboration has obtained a bound on the cross section of W H and ZH productions [4] , σ(W H) ≤ 7.1 fb and σ(ZH) ≤ 6.8 fb, respectively.
As the final state involves two gauge bosons, it is natural to consider the excesses are induced by a spin-one resonances in new physics (NP) beyond the SM. Those heavy gauge bosons might arise from an extension of the SM with additional non-Abelian gauge symmetry. It is interesting to ask whether or not the deviation can be addressed by heavy gauge bosons after one takes into account other precision data. There has been recent excitement among theorists for this measurement at the LHC [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In this work we consider two kinds of non-Abelian gauge extension to the SM: one is the so-called G(221) models with a symmetry of SU (2) 1 ⊗ SU (2) 2 ⊗ U (1) X [14] [15] [16] and the other is the G(331) model with a symmetry of SU (3) C ⊗ SU (3) L ⊗ U (1) X [17, 18] . Both charged extra boson W and new neutral boson Z arise after the symmetry breaking. Several G(221)
and G(331) models are examined in this work. We demonstrate that the leptonic decay and dijet decay modes of W /Z impose a very stringent bound on the parameter space of those NP models. In order to explain the W W/W Z excess under the two simple extensions, the leptonic and dijet decay modes of those extra gauge bosons need to be largely reduced in a more complete NP theory.
There are a few bounds from the W /Z searches in their fermionic decays at the LHC, e.g. 1 The CMS collaboration also performed similar searches in the diboson channel [2, 3] but no excess was observed. In this study we focus on the ATLAS results and explore the NP explanation of those diboson excesses.
for a 2 TeV W /Z , σ(pp → Z /W → jj) ≤ 102 fb [19, 20] , σ(pp → Z → tt) ≤ 11 fb [21] , σ(pp → W R → tb) ≤ 124 fb, σ(pp → W L → tb) ≤ 162 fb [22] , σ(pp → Z → e + e − /µ + µ − ) ≤ 0.2 fb [23, 24] and σ(pp → W → eν/µν) ≤ 0.7 fb [25, 26] . We also take all the above bounds into account and perform a global analysis on each individual NP model.
It is hard to explain the ZZ excess in the simple non-Abelian gauge extension of the SM. The difficulty has been discussed extensively in Refs. [7, 8, 11] . For example, having an extra neutral gauge boson decaying to the ZZ mode would require the violation in P or CP symmetry [7] . An alternative way is to introduce an extra scalar which predominately decays into ZZ and W W pairs. Unfortunately, the cross section of the scalar production is usually too tiny to explain the ZZ excess [8] . Therefore, we focus our attention on the W W and W Z excesses in this work.
The paper is organized as follows. In Sec. II we briefly review the G(221) models. In
Sec. III we present the NLO cross section of W /Z production at the LHC Run-1 and the PDF uncertainties. In Sec. IV we focus our attention on the first breaking pattern of G (221) and discuss the Left-Right, Lepto-Phobic, Hadro-Phobic and Fermio-Phobic models. In
Sec. V we study the second breaking pattern of G(221) and explore the phenomenology of the un-unified and non-universal models. In Sec. VI we study the G(331) model. Finally we conclude in Sec. VII.
II. G(221) MODELS
The G(221) model is the minimal extension of the SM, which consists of both W and Z , exhibits a gauge structure of SU (2) 1 ⊗ SU (2) 2 ⊗ U (1) X , named as G(221) model [14, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The model can be viewed as the low energy effective theory of many NP models with extended gauge structure when all the heavy particles other than the W and Z bosons decouple. In particular, we consider several G(221) models categorized as follows: left-right (LR) [27] [28] [29] 44] , lepto-phobibc (LP), hadron-phobic (HP), fermio-phobic (FP) [30, 31, 38] , un-unified (UU) [32, 33] and non-universal (NU) [34] [35] [36] 39] . The charge assignments of the SM fermion in those models are listed in Table I .
We classify the G(221) models based on the pattern of symmetry breaking and quantum number assignment of the SM fermions. The symmetry breaking is assumed to be induced by fundamental scalar fields whose quantum number under the G(221) gauge group depends on TABLE I. The charge assignments of the SM fermions under the G(221) gauge groups. Unless otherwise specified, the charge assignments apply to all three generations.
6 for quarks, − 1 2 for leptons.
the breaking pattern. The NP models mentioned above fall into the following two patterns of symmetry breaking:
(a) breaking pattern I (BP-I): U (1) X is identified as the U (1) Y of the SM. The first stage of symmetry breaking
L occurs at the TeV scale, while the second stage of sym-
em happens at the electroweak scale.
The W and Z arise after the symmetry breaking at the TeV scale. The most general interaction of the Z and W to SM fermions is
where P L,R = (1 ∓ γ 5 )/2 are the usual chirality projectors. For simplicity, we use g L and g R for both Z and W bosons from now on. Note that throughout this work only SM fermions are considered, despite in certain models new heavy fermions are necessary to cancel gauge anomalies.
III. THE W /Z PRODUCTION CROSS SECTION
The W and Z are produced singly through the Drell-Yan process. Following the experimental searches, we adapt the narrow width approximation (NWA) to factorize the process of pp → W /Z → V 1 V 2 as follows:
where X and Y denote the decay products of the V boson. Next we consider a few G(221) models and discuss their implications on the V V and V H productions.
An accurate theory prediction of the cross section of W and Z productions is crucial for disentangling the NP signal from the SM backgrounds. We calculate the quantum chromodynamics (QCD) corrections to cross section of a sequential W /Z boson production at the next-to-leading-order (NLO). For simplicity we set the renormalization scale (µ R ) and the factorization scale (µ F ) to be equal. The cross section exhibits two theoretical uncertain- ties: one is from the Parton Distribution Function (PDF), the other is from the choice of µ = µ R = µ F . In this work we adapt the CT14 NNLO PDFs [45] to calculate the NLO QCD corrections to the cross section of a sequential W /Z boson production σ(W /Z ). The 57 sets of the CT14 NNLO PDFs are used to evaluate the PDF uncertainties. Figure 1 displays σ(W /Z ) as a function of M W /Z . The default renormalization and factorization scales are chosen as the mass of extra gauge bosons µ R = µ F = M W /Z . As a rule of thumb, we vary the scale µ by a factor of 2 to estimate the higher order corrections. The scale uncertainties are about 5% in the W and Z production, which are found to be much smaller than the PDF uncertainties. We thus focus on the PDF uncertainties of σ(W /Z ). Figure 1(a) shows the NLO cross section of pp → W /Z and the corresponding PDF uncertainties denoted by the shaded band as a function of M W /Z at the LHC Run-1. In order to model the NP effects, we treat the up-type quark and down-type quark initial states separately in the Z production; see the Z u and Z d bands. The relative uncertainties of PDFs are plotted in Fig. 1(b) , which shows the uncertainties are about 10% for M W /Z ∼ TeV and 30% for M W /Z ∼ 3 TeV. Following Ref. [46] , we fit the theory prediction of the cross section by a simple three parameter analytic expression,
where V = W /Z . The cross sections are normalized to picobarn (pb) while M W /Z to TeV. The fitting functions of the production cross sections of W and Z are W : 4.59925 + 1.34518x
where The PDF uncertainties are ∼ 14% for both σ(W ) and σ(Z u ) while it is ∼ 21% for σ(Z d ).
Using CT10 NLO PDFs [47] slightly increases the PDF uncertainties. 
IV. G(211) MODELS: BREAKING PATTERN I
We first consider several NP models exhibiting the first type symmetry breaking pattern.
In the BP-I, SU (2) 1 is identified as the SU (2) L of the SM. The first stage of symmetry 
The second stage of symmetry breaking 
We denote g 1 , g 2 and g X as the coupling of SU (2) 1 , SU (2) 2 and U (1) X , respectively. In the BP-I, the three couplings are
where s W and c W are sine and cosine of the SM weak mixing angle, while s φ and c φ are sine and cosine of the new mixing angle φ ≡ arctan(g X /g 2 ) appearing after the TeV symmetry breaking. After symmetry breaking both W and Z bosons obtain masses and mix with the SM gauge bosons. Different electroweak symmetry breaking (EWSB) patterns will induce different W and Z mass relations. When the first stage breaking of BP-I is realized by the doublet Φ, the masses of the W and Z are
where x = u 2 /v 2 . Note that the precision data constraints (including those from CERN LEP and SLAC SLC experiment data) pushed the TeV symmetry breaking higher than 1 TeV.
Therefore, we assume x is much larger than 1 and approximate the predictions of physical observables by taking Taylor expansion in 1/x. As a result, the masses of W and Z are almost degenerated in the region of c φ ∼ 1.
where the Lorentz index [g
boson couplings is implied.
The detailed expressions of the partial decay widths of W /Z are listed in the Appendix.
The equivalence theorem tells us that one can treat the final state vector bosons as NambuGoldstone bosons in the high energy limit. We compare the bosonic decay of W /Z in the limit of x 1 and M W /Z m W/Z/H and verify in the BP-I that
It is worth mentioning that the W H mode might be suppressed in an UV completion model which exhibits a rather complicated scalar potential.
The couplings of the W bosons to the SM fermions in the notation in Eq. (1) are
while those of the Z boson are 
where T M W in all of the parameter space such that it is reasonable to factorize the
but it is not sensitive to s 2β . Note that s 2β appears only in the left-handed couplings of W to the SM fermions which is suppressed by x. On the other hand, the right-handed coupling of W depends only on c φ . In accord to the equivalence theorem, the vector-boson pair production is highly correlated with the associated production of the vector boson and Higgs boson. We also plot in 
The Z constraints
The coupling of Z to the SM fermions is very sensitive to the mixing angle φ = arctan(g X /g 2 ). In the limit of
The couplings tend to be nonperturbative in the region of c φ ∼ 0 or c φ ∼ 1, yielding a large decay width of Z ; see 
mode (tt) to compare to the latest experimental data. The W W and ZH modes are much smaller than other modes; see the red-solid curve.
In Therefore, it is difficult to explain the W W excess in the Lepto-Phobic model unless one can sizeably reduce the leptonic decay branching ratio of Z .
C. Hadro-Phobic doublet model
The W constraints
In the Hadro-Phobic doublet model the right-handed leptons form a doublet gauged under the SU (2) 2 ; see Table I for detailed quantum number assignments. The W and Z arise from the symmetry breaking of SU (2) 2 × U (1) X → U (1) Y and therefore are coupled predominately to the SM leptons. the parameter space, the cross section of the W Z mode is much smaller than 1 fb such that it cannot explain the W Z excess.
The Z constraints
Now we consider the phenomenology of the Z boson in the Hadro-Phobic doublet model.
We require Γ(Z ) ≤ 0.1M Z , which leads to 0.34 ≤ c φ ≤ 0.99; see Fig. 15 (a). Figure 15(b) displays the decay branching ratios of Z . We note that the branching ratio of Z → jj and Z → tt is suppressed for a large c φ as one can see from Eq. (14).
In There's no parameter space to explain the W W excess. Furthermore, the cross section σ(Z ) × BR(Z → ee) is above the current experimental constraint; see Fig. 16(b) for details.
Thus, we conclude that it cannot explain the W W excess in the Hadro-Phobic model. 
In the BP-II, the couplings of the three gauge groups are
where φ = arctan(g 2 /g 1 ) is the mixing angle. After the symmetry breaking both W and Z bosons obtain their masses and are degenerated at the tree level,
The gauge couplings of W and Z to the SM Higgs boson and gauge bosons are generated after the second stage of the symmetry breaking, which are given as follows,
In BP-II the bosonic decays of W /Z in the limit of x 1 and M W m W/Z/H are correlated as follows
The couplings of the W bosons to the SM fermions in the BP-II are
while those of the Z boson are
where f represents the fermions are gauged under SU (2) The branching ratios of W are plotted in Fig. 21(b) . For a large c φ , the branching ratio of W → jj/tb are suppressed while the branching ratio of W → lν is enhanced. Such a behavior can be understood from the gauge coupling of W to the SM fermions; see Eq. (20) .
The coupling of W to the SM quarks is proportional to tan φ, while for the leptons, the We also plot the cross section of the leptonic decay in Fig. 21(c) . Unfortunately, the cross section of σ(W ) × BR(W → eν) in the region of c φ ∼ 0.4 − 0.7 is far beyond the current experimental limit. In order to explain the W Z excess in the Un-unified model, one has to extend the model to reduce the leptonic decay mode.
2. The Z constraints Figure 22 shows the total width Γ Z (a) and decay branching ratios of Z (b) as a function of c φ . We also demand the narrow width constraint Γ Z ≤ 0.1M Z , which also requires 0.47 ≤ c φ ≤ 0.96. In analogue with W , the branching ratios of Z → jj and Z → tt are suppressed, while the branching ratio of Z → ll/νν are enhanced in the region of large c φ .
Note that the branching ratios of W → W Z/W H are independent on the variable c φ in the The Non-universal model is often named as the Top-Flavor model. In the model, the lefthanded fermions of the first two generations are gauged under SU (2) 1 , while the left-handed fermions of the third generation are gauged under SU (2) 2 ; see Table I for the detail charge assignments. The W couples strongly to the first two generation fermions in the region of 2. The Z constraints Figure 24 shows the total width Γ Z (a) and decay branching ratios of Z (b) as a function of c φ . We also demand the narrow width constraint Γ Z ≤ 0.1M Z which also requires 0.45 ≤ c φ ≤ 0.95. Here, the mode sums over the electron (e) and muon (µ) while the νν mode sums over the first two generation neutrinos.
We first notice that the jj mode dominates over the other modes in the entire parameter space of c φ . The branching ratio of Z → /ν ν is suppressed in the region of large c φ .
On the other hand, the branching ratios of Z → tt and Z → τ τ /ν τ ν τ are enhanced for a large c φ . The branching ratios of W → W Z/W H are not sensitive to c φ in the range 0.3 ≤ c φ ≤ 0.7, which is about 0.02. Figure 24 (c) shows the cross section of various decay modes of Z . We observe a tension between the W W mode and the jj mode. Again, the leptonic decay mode imposes much tighter constraint as σ(Z ) × BR(Z → e + e − ) ≤ 0.2 fb by the current measurements [23, 24] , which requires c φ > 0.89 . Again, it requires to decrease the branching ratio of the leptonic decay mode in order to explain the W W excess in the Non-universal model.
VI. G(331) MODEL
Another simple non-Abelian extension of the SM gauge group is the so-called 331 model which exhibits a gauge structure of . The electroweak symmetry is broken spontaneously as follows,
by three scalar triplets ρ, η and χ with vacuum expectation values as follows,
The χ triplet is responsible for the first step of symmetry breaking, while the ρ and η triplets are responsible for the second step of symmetry breaking.
The electric charge is defined as
are eight Gell-Mann Matrices and X is the quantum number associated with U ( 
where s 331 and c 331 are the sine and cosine of the 331 mixing angle, respectively, g Y is the coupling strength of U (1) Y . They can be written in terms of the SU (3) L and U (1) X coupling constants g and g X as follows: The mixing angle is [48] ,
where σ(pp → Z → ZH) ≤ 6.8fb, is shown as the black-dashed horizontal curve.
Other decay modes of the Z boson are also checked in this work. Figure 27 shows the cross section of Z production with its subsequent decays into the SM quarks and leptons, with the W W excess and the ZH/tt/jj limits but it violates the ee limit. However, if one extend the current models to decrease the branching ratio of the Z leptonic decays, it is still possible to explain the W W excess in the G(221) models except the Hadro-Phobic and
Fermio-Phobic models.
In the G(331) models the Z -W -W and Z -Z-H couplings arise from the Z-Z mixing which leads to a rich Z phenomenology. We note that the choice of β = ±1/ √ 3 cannot produce an enough cross section of Z production to explain the W W excess. The parameter of −0.17 < α < 0.19 for β = − √ 3 and of −0.23 < α < 0.12 for β = + √ 3 could explain the W W excess and satisfy the ZH limit. However, the parameter space cannot satisfy the ee/tt/jj limits.
In summary, we study in this work several new physics models with the simple non-abelian extension of the gauge structure, either SU (2) 1 × SU (2) 2 × U (1) X or SU (3) C × SU (3) L × U (1) X . We note that one can explain the excesses in these new physics models if either the branching ratios of the leptonic and dijet modes in the Un-Unified and Non-Universal model For completeness, we present the analytical expression of the partial decay width of W and Z bosons. The partial decay width of V →f 1 f 2 is
